We isolated a novel rad52 mutation, rad52-L89F, which specifically impairs recombination in rad51⌬ cells. rad52-L89F displays phenotypes similar to rad59⌬ and encodes a mutant protein impaired in its ability to interact with Rad59. These results support the idea that Rad59 acts in homologous recombination via physical interaction with Rad52.
R
AD52 is the only gene required for virtually all slight decrease in inverted-repeat recombination, whereas rad51⌬ rad59⌬ double mutants show a strong decrease homologous recombination events in Saccharomyces similar to rad52⌬ (Bai and Symington 1996) . cerevisiae. Null mutations in this gene display the most Isolation of the new rad52-L89F mutation: To undersevere phenotype in many different recombination assays stand recombination occurring in the absence of Rad51, (Paques and Haber 1999) . The Rad52 protein shows we searched for mutants with reduced recombination DNA-binding and strand-annealing activities in vitro levels in rad51⌬ background. To facilitate the search we (Mortensen et al. 1996) . In addition, Rad52 physically used a rad51⌬ spt6-140 double mutant, which shows high interacts with both the RecA ortholog Rad51 and Rad59 levels of RAD51-independent recombination (Malagon (Symington 2002) .
and Aguilera 2001). UV-irradiated cells carrying the In contrast to RAD52, RAD51 is required for allelic chromosomic his3 p ::INV inverted repeat system (Aguilrecombination but not for recombination between DNA era and Klein 1988) were screened for low levels of repeats (Prado et al. 2003) . One-ended recombination His ϩ recombinants. This led to the identification of a events are RAD51 dependent (Davis and Symington new rad52 allele. Sequence analysis showed that the 2004), but also occur in the absence of Rad51 (Malkova mutant allele carried a single T-to-C substitution at posiet al. 1996) . Thus, in the absence of Rad51, recombination 165, which results in a Leu-to-Phe change in residue tion may occur by single-strand annealing (SSA), which 89 (see Figure 1 ). This residue is located in the amino leads to deletions between direct repeats (Lin et al. 1984;  terminus of Rad52, which is the most conserved part of Paques and Haber 1999) or break-induced replication, the protein, in a domain described as being necessary which could give rise to inversions between inverted for DNA binding, self-association, and Rad59 interacrepeats if followed by SSA (Bartsch et al. 2000; Malation (Symington 2002) . Interestingly, the rad52-1 mutagon and Aguilera 2001).
tion, which confers a rad52 null phenotype, is at position Rad59 is homologous to the amino-terminal half of 90 (Adzuma et al. 1984 :INV in different rad mu-(50 l) grown in YEPD to an OD 660nm of 0.9 were diluted in tants. (A) Recombination in wild-type, rad51⌬, rad59⌬, rad52⌬, 6 ml of water and poured into a glass petri dish for irradiation rad52-L89F, rad51⌬ rad59⌬, rad52-L89F rad51⌬, and rad52-with 45 J/m 2 of UV light ( ϭ 254 nm). After 5 hr of recovery L89F rad59⌬ strains. (B) Recombination in rad52-L89F, rad52-in YEPD in the dark, cells were plated with the appropriate L89F rad51⌬, and rad52-L89F rad59⌬ mutants carrying either dilutions. Cell survival was 30% and 10,600 clones were screened pRS424 (pRS, negative control) or pRS424-rad52L89F (p52L89F, for low His ϩ recombination. overexpressing rad52-L89F) plasmids. Recombination frequencies were determined as the median frequency of six independent colonies isolated from YEPD at 30Њ (Prado et al. 1997 crease and had the same recombination levels as rad52⌬.
rad51⌬::KanMX4 trp1 ura3) and were constructed by transforma-
In contrast, deletion of RAD59 had no effect in rad52-tion with the corresponding deletion cassettes or by genetic crosses (Malagon and Aguilera 2001).
L89F.
To determine whether the effect of rad52-L89F on recombination was due to a leaky activity of Rad52-L89F, we wondered if its overexpression could reestablish wild-
The recombination phenotypes of rad52-L89F are intype recombination. As can be seen in Figure 2B , multideed similar to those of the previously characterized rad52-R70K allele in RAD and rad51⌬ backgrounds, alcopy rad52-L89F partially suppressed the recombination defect of rad52-L89F up to levels of rad59⌬, but had no though they differ when Rad59 is not present (Bai et al. 1999) . This suggests that a Rad52 amino-terminal effect in rad59⌬ or rad51⌬ backgrounds ( Figure 2B ). Therefore, rad52-L89F causes the same recombination domain covering at least the residues from 70 to 89 is essential for recombination in the absence of Rad51. phenotype as rad59⌬, regardless of a putative leakiness of the Rad52-L89F activity.
Interestingly, both residues 89 and 70 are conserved in nation defect. Nevertheless, as in recombination, rad52-L89F sensitivity was not affected in rad59⌬ background. Therefore, these data support the idea that rad52-L89F behaves like rad59⌬. In any case, Rad52-L89F was leaky, as suggested from the observation that overexpression of Rad52-L89F enhanced MMS resistance of rad52-L89F strains ( Figure 3B ). Rad52-L89F is affected in its ability to interact with Rad59: The similarity of phenotypes between rad59⌬ and rad52-L89F could be explained if in the rad52-L89F mutant the levels of Rad59 protein were reduced, as reported for rad52⌬ mutants (Davis and Symington 2001) . Nevertheless, this was not the case because the levels of Rad59 protein in rad52-L89F were similar to those of wild-type cells ( Figure 4A) .
We tested the possibility that Rad52-L89F was impaired in its ability to interact with Rad59. For this purpose, we purified Rad59 fused to the glutathione S-transferase (Rad59::GST) from wild-type, rad52⌬, and rad52-L89F strains overexpressing the GST-fusion protein. Rad59:: GST is functional, as it rescues the MMS sensitivity of rad59⌬. As negative control we purified GST from a wild-type strain overexpressing GST. As can be seen in Figure 4B , Rad52-L89F protein was present in cell extracts at levels lower than those of Rad52. Indeed, other missense mutations in the amino terminus reduce the levels of Rad52 (Asleson and Livingston 2003). As expected, wild-type Rad52 copurified with Rad59::GST, but not with GST. However, no Rad52-L89F protein was detected in the purified Rad59::GST fraction. Since Rad52-L89F protein levels are reduced, we cannot rule out the possibility of a nondetected weak interaction with Rad59 even though our results suggest that Rad52-L89F is affected in its ability to interact with Rad59.
Biological significance of the in vivo Rad52-Rad59 interaction: Both human and yeast Rad52 proteins form multimeric ring structures (Shinohara et al. 1998; Stasiak et al. 2000; Ranatunga et al. 2001) , and Rad59 has is important for its interaction with Rad59. The reduced ability of Rad52-L89F to interact with Rad59 could at least partially explain the rad59⌬-like recombination all known Rad52 orthologs and the L89F and R70K changes make the terminal domain of the mutant Rad52 phenotype of the rad52-L89F mutant. It could cause a reduction of the presence of Rad59 at recombination proteins more similar to Rad59 ( Figure 1B) .
Repair of MMS damage in rad52-L89F: To further centers, leading to a rad59 phenocopy. As Rad59 is essential in recombination occurring in the absence of characterize genetic interaction between rad52-L89F and RAD59, methyl methanesulfonate (MMS) sensitivity was Rad51-dependent strand exchange, this would explain why the recombination phenotype of rad52-L89F is spedetermined by cell survival after different time exposures to 0.5% MMS. The rad52-L89F mutant showed a cifically observed in a rad51 background. The MMS sensitivity of rad52-L89F is much more seweaker MMS sensitivity than rad52⌬, but much stronger than rad59⌬ (Figure 3A) , in contrast to its low recombivere than its recombination defect. Other mutations in Figure 4 .-Rad52-L89F-Rad59 interaction. (A) SDS-PAGE analysis of Rad59 protein in wild-type, rad52⌬, and rad52-L89F strains. Total protein extract (5 g) was loaded for each strain. Coomassie staining (top) and Western blot using ␣Rad59 polyclonal antibody (bottom) are shown. The position in the gel at which Rad59 migrates is indicated. (B) Purification of Rad59-GST fusion protein in wild-type, rad52⌬, and rad52-L89F strains. Purification of GST in the wild type was included as a negative control. Protein expression was under the control of the CUP1 promoter and was induced by addition of CuSO 4 to a final concentration of 0.5 mm. Coomassie staining (top) and Western blot using ␣Rad52 polyclonal antibody (bottom) of total cell extracts (left) and purified fractions (right) are shown. The positions in the gel at which Rad59-GST, Rad52, and GST migrate are indicated. For the preparation of extracts, cells were grown in 500 ml of SC-Leu to an OD 660nm of 0.8. Cells were harvested, washed with water, and resuspended in one pellet volume of 50 mm Tris-HCl, pH 7.5, 1 mm EDTA, 4 mm MgCl 2 , 5 mm DTT, 10% glycerol, 1 m NaCl. Leupeptin and pepstatin A were added to a final concentration of 2 g/ml and 1 g/ml, respectively. Extracts were made with glass beads (McCraith and Phizicky 1990), followed by supplementation with 1 mm PMSF and 30 min centrifugation at 14,000 rpm in a JA-20 Beckman rotor. For Rad59::GST protein purification, supernatant was incubated with 1/100 volume of glutathione-Sepharose 4B (A. P. Biotech) previously equilibrated in 50 mm potassium phosphate pH 7.2, 1 mm DTT, 0.5 mm EDTA, 10% glycerol, 1% Triton X-100, 1 m NaCl. Samples were washed twice with 500 bead volume of 50 mm potassium phosphate pH 7.2, 1 mm DTT, 0.5 mm EDTA, 10% glycerol, 1% Triton X-100, 0.5 m NaCl. Proteins were eluted by boiling in 1ϫ loading buffer for 5 min. 
